In the adult brain, programmed death of neural stem cells is considered to be critical for tissue homeostasis and cognitive function and is dysregulated in neurodegeneration. Previously, we have reported that adult rat hippocampal neural (HCN) stem cells undergo autophagic cell death (ACD) following insulin withdrawal. Because the apoptotic capability of the HCN cells was intact, our findings suggested activation of unique molecular mechanisms linking insulin withdrawal to ACD rather than apoptosis. Here, we report that phosphorylation of autophagyassociated protein p62 by AMP-activated protein kinase (AMPK) drives ACD and mitophagy in HCN cells. Pharmacological inhibition of AMPK or genetic ablation of the AMPK ␣2 subunit by clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 genome editing suppressed ACD, whereas AMPK activation promoted ACD in insulin-deprived HCN cells. We found that following insulin withdrawal AMPK phosphorylated p62 at a novel site, Ser-293/Ser-294 (in rat and human p62, respectively). Phosphorylated p62 translocated to mitochondria and induced mitophagy and ACD. Interestingly, p62 phosphorylation at Ser-293 was not required for staurosporine-induced apoptosis in HCN cells. To the best of our knowledge, this is the first report on the direct phosphorylation of p62 by AMPK. Our data suggest that AMPK-mediated p62 phosphorylation is an ACD-specific signaling event and provide novel mechanistic insight into the molecular mechanisms in ACD.
In the adult brain, programmed death of neural stem cells is considered to be critical for tissue homeostasis and cognitive function and is dysregulated in neurodegeneration. Previously, we have reported that adult rat hippocampal neural (HCN) stem cells undergo autophagic cell death (ACD) following insulin withdrawal. Because the apoptotic capability of the HCN cells was intact, our findings suggested activation of unique molecular mechanisms linking insulin withdrawal to ACD rather than apoptosis. Here, we report that phosphorylation of autophagyassociated protein p62 by AMP-activated protein kinase (AMPK) drives ACD and mitophagy in HCN cells. Pharmacological inhibition of AMPK or genetic ablation of the AMPK ␣2 subunit by clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 genome editing suppressed ACD, whereas AMPK activation promoted ACD in insulin-deprived HCN cells. We found that following insulin withdrawal AMPK phosphorylated p62 at a novel site, Ser-293/Ser-294 (in rat and human p62, respectively). Phosphorylated p62 translocated to mitochondria and induced mitophagy and ACD. Interestingly, p62 phosphorylation at Ser-293 was not required for staurosporine-induced apoptosis in HCN cells. To the best of our knowledge, this is the first report on the direct phosphorylation of p62 by AMPK. Our data suggest that AMPK-mediated p62 phosphorylation is an ACD-specific signaling event and provide novel mechanistic insight into the molecular mechanisms in ACD.
Autophagy is an evolutionarily conserved cellular degradation and recycling process characterized by an increased generation of autophagic vesicles (1) . Autophagy plays various cytoprotective roles, including degradation of toxic proteins and damaged organelles, and provision of biochemical intermediates for the synthesis of macromolecules and metabolism (2) . A growing body of evidence also suggests the involvement of autophagy in programmed cell death (PCD), 2 although its role in PCD remains controversial, and the detailed mechanisms of the mediation of PCD by autophagy remain to be elucidated (3) . In terms of the prodeath role of autophagy, autophagy may be a bona fide mechanism for induction and execution of cell death (autophagic cell death (ACD)) or be a prerequisite for apoptotic or necrotic cell death (autophagy-mediated cell death) (4) .
Autophagosome biogenesis can be assessed by monitoring the autophagy markers microtubule-associated protein light chain 3 (LC3) and p62. LC3 is a ubiquitin-like protein; pro-LC3 is cleaved by Atg4B, resulting in the cytosolic form LC3-I (5). When autophagy is activated, LC3-I is enriched in autophagosomes and converted to LC3-II through conjugation with phosphatidylethanolamine (6) . Therefore, LC3-II is a reliable biochemical marker of autophagosome formation (5, 7, 8) . In a similar manner, a punctate pattern of fluorescently tagged LC3 can be indicative of autophagy induction (9) . The ubiquitinbinding protein p62 interacts with LC3-II and thereby delivers cargo molecules to autophagosomes. During this process, p62 is also degraded by autophagy (10, 11) . Hence, a decrease in p62 is another measure of autophagic flux (12) .
However, accumulation of autophagic vesicles at one static time point can reflect either an increase (on-rate) or decrease (off-rate) of autophagic flux with diametrically opposite implication for the role of autophagy in cell death. Therefore, description of autophagy morphology in dying cells without data to clarify the functional role of autophagy in the cell death process has led to confusion about the concept of ACD. In this regard, observation of ACD in apoptosis-defective cells or cells with suppressed apoptosis, the lack of the specific pharmacological reagents for modulation of autophagy, and other difficulties and technical concerns in addressing the exact role of autophagy in relation to cell death were well discussed by Kroemer and Levine (13) . Despite the controversy, an increasing number of studies support a causative role of autophagy in cell death, especially in insects and other model organisms (14) . Examples of ACD in mammals are much fewer (15) .
According to the criteria suggested by Shen and Codogno (16) , ACD is distinguished from other modes of PCD by the lack of apoptotic features and ineffectiveness of caspase inhibition, increased autophagic flux, and dependence of cell death on autophagy-related genes (Atgs) or other key autophagy genes. We have previously demonstrated that insulin withdrawal induces ACD in adult hippocampal neural (HCN) stem cells despite their normal apoptotic capabilities. Insulin-deprived HCN cells show enhanced autophagic flux but do not display signs of apoptosis, such as caspase activation, chromosomal DNA fragmentation, and exposure of phosphatidylserine on the outer leaflet of the plasma membrane (17) (18) (19) (20) . In addition, the pan-caspase inhibitor Z-VAD failed to protect HCN cells from insulin withdrawal (17, 19, 20) . In contrast, Atg7 knockdown efficiently suppresses ACD in insulin-deprived HCN cells (17, 19 -21) . Therefore, insulin withdrawal-induced death of HCN cells fulfills all the criteria for ACD (16, (22) (23) (24) (25) (26) . Furthermore, we also identified several key regulators of ACD and mediators for the cross-talk between ACD and apoptosis, including glycogen synthase kinase-3␤, calpain, type 3 ryanodine receptor, and p97/valosin-containing protein (19 -21, 27) .
AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase composed of a catalytic subunit (␣1 or ␣2) and regulatory ␤ and ␥ subunits (28) . AMPK regulates various cellular processes, including metabolic homeostasis, cell proliferation, and cell death (29, 30) . AMPK can also induce autophagy (31) (32) (33) . Given the close connection of insulin signaling with AMPK in the regulation of cell metabolism, proliferation, survival, and autophagy, we postulated that AMPK might be intimately involved in ACD of HCN cells upon insulin withdrawal. In the present study, we found that AMPK was readily activated in insulin-deprived HCN cells and served as a critical trigger of ACD. Looking further into the molecular mechanism, we identified p62 as a new molecular target of AMPK. Although many substrates connecting AMPK to metabolism regulation are known, only a few AMPK targets relevant to autophagy have been identified so far (32, 34 -37) . We further report that AMPK-mediated phosphorylation of p62 is required for mitophagy and ACD following insulin withdrawal but not for apoptotic death in HCN cells. Our study suggests that novel AMPK-mediated p62 phosphorylation can be an ACD-specific signaling event and that this AMPK-p62 axis drives ACD and mitophagy in HCN cells. Our findings warrant further studies on the molecular mechanisms that link autophagy to cell death; understanding these mechanisms is required to distinguish the role of autophagy in facilitation of cell death from its general protective role.
Results

AMPK activity is critical for ACD in I(؊) HCN cells
To address the role of AMPK in HCN cell death, we initially assessed the activation status of AMPK in insulin-deprived HCN cells. Hereafter, we will refer to HCN cells cultured in insulin-containing and insulin-deficient media as I(ϩ) and I(Ϫ), respectively, as in our prior reports (19, 20) . We assessed Thr-172 phosphorylation of the AMPK ␣ subunit because this post-translational modification in the kinase activation loop is associated with increased AMPK activity (38, 39) . Following insulin withdrawal, AMPK was rapidly activated, and the time course of its activation was well correlated with the up-regulation of autophagic flux as revealed by an increase in LC3-II and decrease in p62 (Fig. 1A) . The AMPK inhibitor compound C (CC; 0.5 M) efficiently blocked AMPK activation and substantially reduced the autophagy level and cell death in I(Ϫ) HCN cells ( Fig. 1, B-D) . CC also reduced the number of GFP-LC3 puncta in these cells (Fig. 1, E and F) . To corroborate these results derived from the pharmacological inhibition of AMPK, we knocked out AMPK ␣1 or ␣2 subunit using the CRISPR/ Cas9 gene editing approach. The relative levels of ␣1 and ␣2 mRNAs were similar and were not changed by insulin withdrawal (supplemental Fig. S1A ). Single guide RNA sequences targeting each subunit efficiently ablated the AMPK ␣1 or ␣2 gene (supplemental Fig. S1B ). Of note, the deletion of the ␣2 but not ␣1 gene markedly reduced cell death (Fig. 1 , G and supplemental Fig. S1C ) and autophagic flux in I(Ϫ) HCN cells (Fig. 1, H and I ). These data indicated that pharmacological or genetic inactivation of AMPK substantially diminished ACD in I(Ϫ) HCN cells, suggesting a critical role of AMPK in HCN cell death following insulin withdrawal.
With regard to the mechanism of AMPK activation, two upstream kinases, LKB1 and Ca 2ϩ /calmodulin-dependent protein kinase kinase ␤ (CaMKK␤), are well documented to phosphorylate Thr-172 of the AMPK ␣ subunit (40) . AMPK is activated in response to metabolic stresses that deplete the cellular ATP level, and binding of AMP to the ␥ subunit allosterically activates the AMPK complex by enhancing LKB1-dependent Thr-172 phosphorylation. AMPK can also be directly phosphorylated by CaMKK␤ in response to increases in intracellular Ca 2ϩ without significant change in ATP/ADP/AMP levels (40). To elucidate how insulin withdrawal activated AMPK, we first examined the cellular ATP level. Interestingly, insulin withdrawal did not induce depletion of cellular ATP compared with the substantial depletion of cellular ATP by glucose deprivation for 5 h (supplemental Fig. S2A ). In contrast, a specific CaMKK inhibitor, STO-609, decreased AMPK Thr-174 phosphorylation and attenuated cell death (supplemental Fig. S2, B and C) . Our previous report also demonstrated an increase in the intracellular Ca 2ϩ level that was due to ryanodine receptor 3-mediated endoplasmic reticulum Ca 2ϩ efflux following insulin withdrawal (27) . These results suggest that insulin withdrawal activated AMPK through Ca 2ϩ -CaMKK pathway rather than ATP depletion in HCN cells.
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Genetic activation of AMPK promotes ACD in I(؊) HCN cells
If AMPK is critical for ACD in I(Ϫ) HCN cells, its forced activation may enhance the effects of insulin withdrawal and boost ACD. To test this assumption, we generated an AMPK construct encoding the constitutively active (CA) mutant form of the ␣2 subunit by introducing a point mutation of Thr-172 to Asp in combination with the deletion of C-terminal amino acid residues 313-548 containing the autoinhibitory sequence and the binding sites to the regulatory ␤/␥ subunits (41, 42) . Persistent activation of AMPK was confirmed by phosphorylation of its well known substrate, acetyl-CoA carboxylase (ACC) (supplemental Fig. S2D ). As expected, constitutive activation of AMPK in I(Ϫ) HCN cells led to a more marked increase in LC3-II and decrease in p62 levels than insulin withdrawal alone but did not activate caspase-3 (Fig. 2, A and B) . AMPK ␣2-CA also induced a higher level of cell death than insulin withdrawal (Fig. 2C ). In line with the ineffectiveness of Z-VAD against insulin withdrawal-induced ACD (19, 20) , Z-VAD (20 M) failed to diminish the AMPK ␣2-CA-induced boost of cell death but efficiently decreased staurosporine (STS)-induced apoptosis in HCN cells (Fig. 2C) .
Autophagic flux, as assessed by Western blotting of LC3-II in combination with bafilomycin A1 (BafA1), was further increased by the expression of AMPK ␣2-CA in I(Ϫ) HCN cells (Fig. 2, D and E) . Lentiviral transduction with tandem labeled monomeric mRFP-GFP-LC3 also indicated a higher level of autophagic flux in I(Ϫ) HCN cells co-expressing AMPK ␣2-CA than I(Ϫ) HCN cells alone (Fig. 2, F and G) . The quenching of the GFP fluorescence but not mRFP fluorescence at the acidic pH yields red puncta upon fusion of autophagosomes and lysosomes (43) . Conversely, yellow puncta correspond to the immature autophagosomes before maturation. Therefore, an increase in the mRFP-only puncta of total LC3 puncta by expression of AMPK ␣2-CA indicates increased autophagy flux. An increase in cell death rate induced by AMPK ␣2-CA was effectively abrogated when Atg7 was stably knocked down using lentiviral shRNA (Fig. 2H) . We have previously demonstrated that Atg7 knockdown attenuates ACD in I(Ϫ) HCN cells (17, 19) . Therefore, 
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these data indicate that the AMPK-stimulated increase in cell death is autophagy-dependent. Taken together with the lack of the effect of Z-VAD and the absence of apoptotic signs, these results indicate that ACD is the mode of cell death induced by overactivation of AMPK in I(Ϫ) HCN. Overall, these data provide the evidence supporting our hypothesis that AMPK is a critical mediator of ACD following insulin withdrawal and that forced activation of AMPK promotes ACD in HCN cells.
Novel p62 phosphorylation for ACD
To elucidate the mechanism of AMPK-induced ACD, we sought to identify the AMPK substrates. Because p62 is a signaling hub molecule that coordinates autophagy, the ubiquitinproteasome system, and metabolism and undergoes posttranslational modifications including phosphorylation (44 -46), we posited p62 as a potential novel AMPK substrate. The AMPK-phosphorylated site can be predicted based on the sequence SXSXXD (35) , although the optimized AMPK consensus sequence is more complex. Examination of the rat p62 amino acid sequence using the Group-based Prediction System (GPS) search engine (47) indicated several sites potentially phosphorylated by AMPK ␣2 (Fig. 3A ). These were all novel sites, and their phosphorylation by AMPK has not yet been tested experimentally. To test whether p62 is an AMPK substrate, we B, quantification of LC3-II and p62 after normalization to ␤-actin (n ϭ 4). C, AMPK-CA increased cell death more than did I(Ϫ) alone. Z-VAD (20 M) failed to reduce cell death induced by AMPK-CA but efficiently reduced STS-induced apoptosis (n ϭ 5). D, AMPK-CA increased autophagic flux in I(Ϫ) HCN cells. Insulin was withdrawn for 5 h, and BafA1 (20 nM) was added 1 h before sampling. E, quantification of LC3-II and p62 after normalization to ␤-actin (n ϭ 5). F, AMPK-CA (CA) increased autophagic flux. Autophagic flux was measured using tandem mRFP-GFP-LC3 after 5-h insulin withdrawal. G, analysis of F. The red and yellow puncta were counted from three independent experiments (n ϭ 29). H, Atg7 knockdown abrogated AMPK-CA-triggered cell death. Cell death was measured 24 h after insulin withdrawal (n ϭ 6). I, Atg7 knockdown abrogated AMPK-CA-triggered autophagic flux. AMPK-CA failed to affect LC3-II or p62 in Sh-Atg7 HCN cells analyzed 5 h after insulin withdrawal. J, quantification of LC3-II and p62 after normalization to ␤-actin (n ϭ 9). Error bars represent ϮS.D. from independent assays. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant. Scale bar, 10 m. EV, empty vector; con, control.
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first examined whether p62 knockdown would affect ACD in HCN cells. Knockdown of p62 using p62-specific shRNA reduced autophagy (Fig. 3 , B and C) and attenuated cell death ( Fig. 3D ) in I(Ϫ) HCN cells. Furthermore, depletion of p62 abolished the AMPK ␣2-CA-induced increase in autophagy markers (Fig. 3 , E and F), suggesting the potential role of p62 in AMPK-mediated ACD in I(Ϫ) HCN cells. To precisely determine the phosphorylation sites critical for ACD, we substituted the predicted phosphorylated Ser residues with Ala using mouse p62 cDNA and examined the effects of these phosphorylation-null p62 mutants on cell death in I(Ϫ) HCN cells. Because HCN cells were derived from an adult rat, we refer to their endogenous p62 as rp62, and to mouse and human p62 as mp62 and hp62, respectively. Among the mutants tested, we observed a significant decrease in cell death for up to 48 h only in the S296A mutant of mp62 (equivalent to Ser-293 in rp62
and Ser-294 in hp62) (supplemental Fig. S3 ). This site is well conserved across the mammalian species (Fig. 4A) . However, a decrease in cell death rate by the mp62-S296A mutant was not robust, probably due to the presence of endogenous rp62 in HCN cells. To further validate this residue as the AMPK target site critical for ACD, we generated phosphorylation-defective or -mimicking point mutations of the hp62 gene. Before the introduction of hp62-WT or mutant forms into HCN cells, endogenous rp62 was depleted using rp62-specific shRNA to avoid its confounding effects, and HCN cells with stable knockdown of p62 (designated as Sh-rp62 HCN) and control HCN cells (transfected with control shRNA and designated as Sh-con HCN) were established after puromycin selection. The expression of hp62-WT rescued cell death in I(Ϫ) Sh-rp62 HCN cells (Fig. 4B) . As expected, introduction of the phosphorylationmimicking hp62-S294E mutant also substantially increased cell death in I(Ϫ) Sh-rp62 HCN cells; however, the expression of hp62-S294A failed to recover the cell death rate (Fig. 4B) . These data indicate that this putative phosphorylation site in p62 is indispensable for ACD following insulin withdrawal in HCN cells. The Asp and Glu forms of the phosphorylationmimicking mutation induced ACD equally (data not shown); the Glu form was used for all subsequent experiments. The effects of Ser-294 phosphodefective and phosphomimicking mutants on cell death rate were in a good agreement with those Ser-293 is well conserved in mouse (Ser-296) and human (Ser-294) p62. B, expression of hp62-WT and hp62-S294E, but not hp62-S294A, restored cell death in Sh-rp62 HCN cells following insulin withdrawal. Sh-rp62 HCN cells were transfected with plasmids to express HA-tagged hp62 (WT, phosphorylation-defective mutant (S294A), or phosphomimicking mutant (S294E)). Cell death was measured 24 h after insulin withdrawal (n ϭ 5). C, hp62-WT and hp62-S294E, but not hp62-S294A, restored autophagy flux. D, quantification of LC3-II and p62 after normalization to ␤-actin (n ϭ 5). Error bars represent ϮS.D. from independent assays. *, p Ͻ 0.05; **, p Ͻ 0.01.
on autophagic flux because hp62-S294E restored robust LC3 turnover, but hp62-S294A did not (Fig. 4C ). Interestingly, the expression level of hp62-S294E was very low despite transfection with a higher amount of DNA than hp62-WT and hp62-S294A, likely due to its active participation in autophagic degradation.Altogether,thesedatarevealedthatthisnovelphosphorylation of p62 is necessary and sufficient for the mediation of ACD by p62 in HCN cells following insulin withdrawal.
Ser-293 phosphorylation of p62 in HCN cells is mediated by AMPK
To confirm phosphorylation of endogenous rp62 in HCN cells, we generated an antibody specific for phosphorylated Ser-293 of rp62. Western blot analysis using this antibody showed that rp62 Ser-293 phosphorylation was detectable under basal conditions and increased following insulin withdrawal (Fig. 5, A  and B) . Pharmacological inhibition or genetic ablation of AMPK ␣2 diminished rp62 Ser-293 phosphorylation in I(Ϫ) HCN cells, suggesting that AMPK is the physiological kinase for Ser-293 phosphorylation (Fig. 5, A-D) . To verify that p62 is a direct substrate of AMPK and that p62 phosphorylation is not due to the action of other kinases in the wake of AMPK activation, we performed an in vitro kinase assay with GST-tagged hp62 and immunoprecipitated AMPK ␣2-CA. The AMPK immune complexes were enriched from HEK293 cells with a GFP antibody after overexpression of GFP-tagged AMPK ␣2-CA. GST-tagged hp62-WT and -S294A recombinant proteins were purified from Escherichia coli using glutathione-agarose beads and incubated with the AMPK immune complexes in the presence of ATP. Ser-294 phosphorylation of hp62 was probed with phosphospecific p62 antibody. As expected, the AMPK immune complex was able to phosphorylate hp62-WT but not the S294A mutant (Fig. 5, E and F) . Recombinant AMPK protein composed of ␣2, ␤1, and ␥1 also yielded the same result (supplemental Fig. S4 ). When the AMPK-CA immune complex was treated with the AMPK inhibitor CC, phosphorylation barely occurred, indicating that AMPK, but not another kinase, was sufficient for p62 phosphorylation (Fig.  5, G and H) . These results identified Ser-293/Ser-294 (in rp62/ hp62) as a novel AMPK phosphorylation site critical for ACD in HCN cells following insulin withdrawal.
As a multidomain adaptor molecule, p62 can be modified in various ways for its signaling fidelity and has multiple phosphorylation sites. Recently, phosphorylation of hp62 Ser-403 or Ser-407 in its ubiquitin-binding domain by casein kinase 2 or Unc-51-like kinase 1 (ULK1) has been reported to increase its affinity for ubiquitin and regulate autophagic clearance of protein aggregates (46, 48) . To examine whether these residues are also involved in ACD in I(Ϫ) HCN cells, we used phosphorylationdefective mutant hp62-S403A or hp62-S407A. Both mutants tended to reduce cell death in I(Ϫ) Sh-rp62 HCN cells compared with hp62-WT, although they were less effective than hp62-S294A (supplemental Fig. S5 ). These data suggest the potential involvement of other kinases in p62 phosphorylation during ACD of I(Ϫ) HCN cells, although they may play less important roles than AMPK. Whether other autophagy-related kinases mediate ACD in HCN cells following insulin withdrawal in an AMPK-dependent or -independent manner is currently being examined by our group. Of note, hp62-S294A had no effect on STS-triggered apoptosis in Sh-rp62 HCN cells (supplemental Fig. S6 ), suggesting that p62 phosphorylation by AMPK may be specific to ACD following insulin withdrawal.
AMPK activation induces mitophagy
Mitophagy is selective autophagy for the elimination of dysfunctional mitochondria (49) . AMPK plays a critical role in Figure 5 . Serine phosphorylation at a novel site in p62 is mediated by AMPK. A, endogenous p62 was phosphorylated in an AMPK-dependent manner in HCN cells. Insulin withdrawal for 5 h induced phosphorylation of p62 Ser-293, which was detected by using a phosphospecific antibody. CC (0.5 M) reduced Ser-293 phosphorylation. B, quantification of p62 Ser-293 phosphorylation (p-p62) after normalization to total p62 (t-p62) following CC treatment (n ϭ 6). C, AMPK ␣2 KO reduced Ser-293 phosphorylation. D, quantification of p62 Ser-293 phosphorylation (p-p62) after normalization to total p62 (t-p62) in AMPK ␣2 KO HCN cells (n ϭ 6). E, hp62-WT, but not hp62-S294A mutant (SA), was phosphorylated in vitro by the enriched AMPK immune complex. Phosphorylation was detected by Western blotting with phosphospecific antibody. F, quantification of in vitro kinase assay results (n ϭ 4). G, treatment of the AMPK immune complex with CC (1 M) for 1 h abolished p62 phosphorylation. H, quantification of in vitro kinase assay results with CC (n ϭ 3). Error bars represent ϮS.D. from independent assays. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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mitophagy induction upon nutrient deprivation or reduction of insulin signaling in mammals and Caenorhabditis elegans (36) . To examine whether AMPK induces mitophagy in I(Ϫ) HCN cells, we first examined the overlap between mitochondria and autophagosomes after transient transfection with GFP-LC3 and DsRed2-Mito. Using super-resolution microscopy for structured illumination (SR-SIM), we observed greatly increased co-localization of LC3 puncta and mitochondria in I(Ϫ) HCN cells, comparable with their robust co-localization in HCN cells treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP), a mitochondrial uncoupler and well known inducer of mitophagy (Fig. 6, A and B) . CC treatment of I(Ϫ) HCN cells reduced co-localization, implying that mitophagy occurred in an AMPK-dependent manner during ACD (Fig. 6,  A and B) . Of note, the mitochondria of I(Ϫ)HCN cells were smaller and fragmented, similar to those of CCCP-treated cells and unlike a network of the long filamentous mitochondria in I(ϩ) HCN cells (see insets in DsRed2-Mito images in Fig. 6A ). CC treatment partially rescued the fragmented mitochondrial morphology of I(Ϫ) HCN cells. We also used a mitochondrially targeted version of monomeric Keima (mt-mKeima) to monitor mitophagy. mKeima is an acid-resistant fluorescent protein and has an emission maximum at 620 nm with a bimodal excitation spectrum peaking at 458 (neutral pH) and 561 nm (acidic 
pH) (50) . Therefore, mt-mKeima allows the visualization of mitochondria delivered to acidic lysosomes by increasing the ratio of excitation at 561/458 nm (51) . To test whether insulin withdrawal induced mitophagy, we transiently transfected HCN cells with mt-mKeima and monitored the 561/458 nm ratio using the wavelength settings of a confocal laser microscope (Carl Zeiss LSM 780). Similar to AMPK-dependent colocalization of GFP-LC3 and DsRed2-Mito, a high ratio of 561/ 458 nm signals was observed in I(Ϫ)HCN cells, whereas this ratio was reduced in CC-treated (Fig. 6, C and D) and I(Ϫ) AMPK ␣2 KO HCN cells (Fig. 6, E and F) . In addition, the mitochondria were stained with MitoTracker Green, and fluorescence-activated cell sorting (FACS) analysis was performed to measure mitochondrial mass. The amount of stained mitochondria was decreased in I(Ϫ) HCN cells compared with in I(ϩ) HCN cells as observed following CCCP treatment. Inhibition of AMPK by CC in I(Ϫ) HCN cells reversed a decrease in the labeling of mitochondria (Fig. 6, G and H) , implying that mitochondrial homeostasis is modulated through AMPK-dependent mitophagy in HCN cells.
Phosphorylation of p62 promotes its mitochondrial localization and mitophagy
To examine the localization of phosphorylated p62 during ACD, we transiently introduced hemagglutinin (HA)-tagged hp62-WT and Ser-294 mutant constructs into Sh-rp62 HCN cells and monitored the subcellular distribution of hp62 in relation to mitochondria. Immunocytochemical analysis with an antibody against the HA epitope was used to detect p62. Several hp62-WT dots were detected under basal I(ϩ) conditions, and the number and size of the dots were markedly increased by insulin withdrawal (Fig. 7, A and B) . Most p62 puncta were co-localized with mitochondria as indicated by overlap with the DsRed2-Mito signal. Mitochondrial localization of hp62-WT was inhibited by CC, indicating the requirement for AMPK activity to trigger mitochondrial translocation of p62. Phosphorylation-defective hp62-S294A lost the ability to translocate to mitochondria, whereas hp62-S294E exhibited robust co-localization with DsRed2-Mito in I(Ϫ) Sh-rp62 HCN cells, indicating that AMPK-mediated phosphorylation of p62 was critical for its localization in mitochondria (Fig. 7, A and B) . Mitochondrial translocation of p62 was also monitored by live confocal imaging after transient expression of GFP-p62. Time-lapse imaging revealed that most GFP-p62 puncta were relatively small and did not move toward mitochondria in I(ϩ) HCN cells (as indicated by arrowheads), whereas the p62 puncta were bigger and translocated to mitochondria upon insulin withdrawal (as indicated by arrows) (Fig. 7C) . These large p62 puncta observed at early time points became smaller and disappeared together with the overlapping mitochondria later in I(Ϫ) HCN cells, suggesting degradation through mitophagy (Fig. 7C) . Likewise, live imaging of shorter duration revealed clearly different movement of p62 between I(ϩ) and I(Ϫ) conditions. GFP-p62 in I(ϩ) HCN cells remained static and showed minimal interaction and overlap with mitochondria (supplemental Movies S1 and S2), which was in contrast to dynamic movement and vigorous interaction of p62 with mitochondria in the I(Ϫ) condition (supplemental Movies S3-S5). Some big p62 dots stayed with mitochondria despite continuous mitochondrial movement (supplemental Movies S4 and S5). This suggests that the p62 undergoes repeated association and dissociation with mitochondria at the early stage of mitophagy and later interacts with mitochondria more tightly during mitophagy.
To further confirm that mitochondrial translocation of p62 depends on AMPK, we expressed HA-hp62 in AMPK ␣2 KO HCN cells. Similar to pharmacological inhibition of AMPK activity, ablation of the AMPK ␣2 subunit suppressed mitochondrial translocation of hp62-WT in the I(Ϫ) condition (Fig.  7, D and E) . Similarly, hp62-S294A failed to translocate to mitochondria (Fig. 7, D and E) . However, a considerable fraction of hp62-S294E was still observed in the mitochondria in I(Ϫ) AMPK ␣2 KO HCN cells, consistent with the ability of this phosphorylation-mimicking mutant to bypass the requirement for AMPK activation (Fig. 7, D and E) . Without hp62 translocation, mitochondria retained normal filamentous morphology, but hp62-S294E-containing mitochondria were small and fragmented. Subcellular fractionation also showed a substantial increase in phosphorylated p62 in the mitochondrial fraction of I(Ϫ) HCN cells compared with the mitochondrial fraction of I(ϩ) HCN cells (Fig. 7F) . Moreover, a considerable amount of LC3, in particular LC3-II, was detected in the mitochondrial fraction of I(Ϫ) HCN cells (Fig. 7F) . These results suggest the inductionofmitophagyupontranslocationofAMPK-phosphorylated p62. To assess whether p62 phosphorylation is required for mitophagy, we tested the ability of hp62-WT and the Ser-294 mutants to rescue mitophagy in Sh-rp62 HCN cells cotransfected with mt-mKeima. Whereas hp62-S294E and -WT rescued mitophagy and were readily detected in the mitochondria, showing a high 561/458 nm ratio in I(Ϫ) Sh-rp62 HCN cells, hp62-S294A failed to induce mitophagy (Fig. 8, A and B) . These findings strongly suggest that AMPK-phosphorylated p62 mediates mitophagy in HCN cells during ACD following insulin withdrawal.
Discussion
Our previous observations that insulin withdrawal drives the mode of cell death toward ACD rather than apoptosis suggest the existence of uniquely programmed cell death mechanisms in HCN cells (17) (18) (19) (20) . To elucidate the molecular mechanisms underlying this preference for ACD over apoptosis, we considered the potential role of AMPK because AMPK is regarded as more than a sensor of cellular energy status and is involved in the regulation of autophagy, proliferation, and cell death (30) . Furthermore, the close relationship of AMPK activity with insulin signaling suggests that AMPK may play a role in insulin withdrawal-induced HCN cell death (52) . Our findings in this study provide not only a new perspective on the role of AMPK in the induction of ACD but also a novel AMPK substrate involved for the signaling of ACD. Once we established the autophagic nature of AMPK-induced cell death based on (i) an increase of autophagy flux, (ii) the lack of apoptotic signs and ineffectiveness of Z-VAD, and (iii) abrogation of ACD in the absence of Atg7 in I(Ϫ) HCN cells, we then suspected p62 as an AMPK substrate important for the regulation of ACD given the role of p62 as a multifunctional adaptor protein in autophagy. p62 delivers the cargos to the lysosomes through its interaction AMPK-p62 for autophagic cell death with LC3-II. In addition, p62 serves as a signaling hub molecule that coordinates autophagy, the ubiquitin-proteasome system, and metabolism and undergoes post-translational modifications, including phosphorylation (44 -46) . Our bioinformatics analysis predicted the p62 sites potentially phosphorylated by AMPK (53) . Phosphorylation of some of these sites was previously reported in large-scale phosphopeptide screening and proteomics analyses performed by others, although their functional relationship with AMPK has not yet been tested experimentally (53) (54) (55) .
The phosphorylation-defective p62 mutant inhibited ACD, whereas the phosphorylation-mimicking mutant markedly increased ACD. Co-localization of p62 with mitochondria was significantly reduced when AMPK was inactivated. A nonphosphorylatable p62 mutant was defective in translocation to mitochondria and thereby failed to mediate mitophagy. Subcellular fractionation confirmed these results. In I(ϩ) HCN cells, very little p62 was detected in the mitochondrial fraction, but after insulin withdrawal, more p62, especially its phosphorylated form, was present in the mitochondrial fraction, which also contained much more LC3-II.
AMPK can induce mitophagy by several mechanisms. One mechanism is the AMPK-ULK1 pathway. ULK1, a mammalian 
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ortholog of the yeast kinase Atg1, is phosphorylated by AMPK during starvation-induced mitophagy in mammalian liver and C. elegans (36) . Genetic deficiency in ULK1 or expression of phosphorylation-defective ULK1 with mutated AMPK phosphorylation sites leads to p62 accumulation and impairs mitophagy, but the role of p62 in this process was not further explored (36) . In HepG2 cells, the activation of the AMPK-ULK1 pathway induces mitophagy to remove oxidative stressdamaged mitochondria (56) . Phosphorylation of ULK1 by AMPK causes mitochondrial recruitment of ULK1 and initiates mitophagy, whereas ULK1 knockdown impairs mitophagy (56) . p62 knockdown also impairs mitochondrial function and increases oxidative stress, presumably due to the failure of mitophagy (56) . However, the supposed link between p62 and mitophagy was not experimentally tested. In both studies (36, 56) , therefore, p62 was involved downstream of AMPK-ULK1 as a survival factor; however, the direct involvement of p62 in AMPK-induced mitophagy was not thoroughly examined. Hypoxia induces autophagic degradation of androgen receptor in prostate cancer cells via a concerted action of p62 and AMPK (57) . Hypoxia promotes p62 phosphorylation on Ser-403 and thereby enhances its interaction with androgen receptor; this phosphorylation appears to require AMPK activity, although this conclusion was based only on the results of pharmacological inhibition of AMPK activity (57) . Despite these reports, no biochemical evidence demonstrating direct AMPK-mediated phosphorylation of p62 in autophagy has been reported. To the best of our knowledge, our study is the first report on p62 phosphorylation directly by AMPK.
Recently, the importance of p62 in mitophagy was questioned. In Parkin-mediated mitophagy, p62 was found to be required for the aggregation but not for the degradation of dysfunctional mitochondria (58, 59) . Instead, NDP52 and optineurin served as autophagy receptors in PINK1/Parkin-mediated mitophagy (60) . Therefore, p62 may be involved in the subcellular redistribution of dysfunctional mitochondria to promote their clearance but may be dispensable for their autophagic degradation in some cell types. By contrast, our results demonstrate the co-localization of phosphorylated p62 with mitochondria undergoing mitophagy, whereas phosphorylation-defective p62 abolishes mitophagy even under I(Ϫ) conditions. Therefore, our data support the hypothesis that p62 phosphorylated by AMPK, at least in part, mediates mitophagy in HCN cells upon insulin withdrawal (Fig. 8C) . Interestingly, p62 phosphorylation by AMPK was not required for STS-induced apoptosis, highlighting the functional significance of AMPKmediated phosphorylation of p62 in ACD. Collectively, our findings indicate that phosphorylation of rat/human p62 by AMPK on Ser-293/Ser-294 is necessary for ACD in I(Ϫ) HCN cells and define a new pathway linking mitochondrial homeostasis and ACD with cellular stress responses coordinated by the AMPK-p62 axis in neural stem cells.
The functional roles of mitophagy in cell survival and death can vary. Mitophagy is thought to be associated with cell survival and maintenance of cellular homeostasis because it removes dysfunctional and damaged mitochondria (61) (62) (63) , which would otherwise produce reactive oxygen species and release cytochrome c and other proapoptotic proteins leading to cell death. In contrast, mitophagy can promote cell death under some pathological conditions (64) . Our data suggest that AMPKp62-driven mitophagy is a regulatory pathway through which autophagy serves as a cell death mechanism in HCN cells.
Understanding the mechanisms of ACD is still in its infancy, and it is not clear how cell death-promoting autophagy can be distinguished from cytoprotective autophagy. There may be distinct upstream signaling pathways that determine bifurcation of autophagy between cell survival and death. Alternatively, a unique set of autophagy machinery, different from that involved in survival, may promote death. Further identification of distinct signal transduction pathways in our insulin withdrawal model of ACD in neural stem cells may help to distinguish between these intriguing possibilities.
Experimental procedures
Reagents, antibodies, and generation of phosphorylationspecific p62 antibody
Compound C (Calbiochem, 171260), BafA1 (Enzo, BML-CM110), Z-VAD (Enzo, ALX-260-020), CCCP (Sigma-Aldrich, AMPK-p62 for autophagic cell death C2759), STS (Cell Signaling Technology, 9953), puromycin (Invitrogen, NC9138068), hygromycin B (Duchefa, H0192), and STO-609 (Tocris, 1551) were purchased from the indicated companies. Antibodies against phospho-AMPK (Thr-172; 2535), total AMPK (2532), cleaved caspase-3 (9664), phospho-ACC (Ser-79; 3661), total ACC (3662), and Atg7 (8558) were purchased from Cell Signaling Technology. Antibodies for GFP (SC-9996), HA (SC-805), FLAG (SC-166355), and ␤-actinhorseradish peroxidase (SC-47778) were purchased from Santa Cruz Biotechnology. Antibodies for LC3 (Novus, NB100-2220), p62 (Sigma-Aldrich, P0067), AMPK ␣1 (Millipore, 04-323), and AMPK ␣2 (Abcam, ab3760) were purchased from the indicated companies. The phospho-p62 Ser-293 antibody was generated against a synthetic peptide (CSSEV(p)SKPDGAGE) corresponding to the rat p62 sequence. The purified peptide was conjugated to keyhole limpet hemocyanin and injected into rabbits over an 8-week period. The polyclonal antibody was purified by peptide-conjugated affinity chromatography.
Cell culture and cell death assay
HCN cells were obtained from a hippocampus of a 2-monthold adult rat as described previously (19, 20) . Cells were seeded at 1 ϫ 10 4 cells/well in a 96-well plate and stained with propidium iodide (Sigma-Aldrich, P4170) and Hoechst 33342 (Invitrogen, H3570) for 15 min at room temperature. Cell staining images were acquired with a fluorescence microscope (Carl Zeiss, Axiovert 40 CFL), and stained cells were quantified using the automated image analysis software Matlab with the CellC package (Mathworks) (65) .
shRNA knockdown
The lentiviral shRNA clones targeting rat Atg7 (TRCN 0000092164 and TRCN0000369085) and p62 (TRCN0000238135 and TRCN0000257058) from the MISSION library were purchased from Sigma-Aldrich, and the lentiviruses were produced following published protocols (66) . For stable knockdown, HCN cells were infected with the virus for 24 h, and then the medium was replaced with fresh medium. After 72 h, HCN cells were treated with puromycin (5 g/ml) for 6 h and then maintained in medium containing puromycin (1 g/ml). Selected HCN cells were grown in puromycin-free medium for 24 h before conducting experiments.
CRISPR/Cas9-mediated knock-out of AMPK ␣ subunits HCN cells were transfected with pRGEN-cas9-Hygo-eGFP and dRGEN-AMPK␣1 (CGCTGGGCGTCGGCACCTTC-GGG) or -AMPK␣2 (TGCCGAAGGTGCCGACGCCCAGG) single guide RNA, which were designed and purchased from ToolGen. After incubation for 48 h, cells were selected using hygromycin (100 g/ml).
Fluorescence imaging
Cells expressing peGFP-LC3 (Addgene, 21073), pLjm1-mRFP-GFP-LC3, pMT-mKeima-red (MBL International, AM-V0251), and/or pDsRed2-Mito (a kind gift from Dr. Cheil Moon, Daegu Gyeongbuk Institute of Science and Technology) were grown on coverslips and fixed in 4% paraformaldehyde in PBS for 10 min at room temperature. After washing with PBS twice, the cells were mounted on slides with mounting solution (Dako, S3023), and images were taken with a confocal microscope (Carl Zeiss LSM 780) using a 63ϫ/1.0 oil objective or SR-SIM (Carl Zeiss ELYRA S1) using a 63ϫ/1.4 oil objective. LC3 puncta were measured in HCN cells transiently expressing peGFP-LC3 or stably expressing the lentiviral construct pLjm1-mRFP-GFP-LC3. Images were obtained from different fields randomly selected in each experiment. To quantify the number of puncta (diameter, 0.2-1.0 m), the images were analyzed using the Green and Red Puncta Colocalization ImageJ plug-in (67) . To monitor translocation of p62 to mitochondria, HCN cells were transiently transfected with the peGFP-p62 construct using Lipofectamine 2000 and the next day observed under live confocal microscopy (Carl Zeiss LSM 7) using a plan Apochromat 63ϫ/1.4 oil objective upon insulin withdrawal. Mitophagy was monitored using the pMT-mKeima-red construct. To determine p62 localization, HCN cells transfected with pcDNA vector carrying HA-tagged human p62 (Addgene, 28027) were grown on coverslips in 12-well plates. The cells were fixed, permeabilized with 0.1% Triton X-100 in antibody dilution buffer (Invitrogen, 003218) for 20 min, washed twice with PBS, and then incubated overnight with anti-HA primary antibody. Cells were then washed twice with PBS and incubated for 1 h with secondary anti-rabbit DyLight 405 (Jackson ImmunoResearch, 711-475-152) or anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, A11034) antibody followed by nuclear counterstaining with Hoechst 33342 for 10 min and imaging. Co-localization of LC3/p62 and mitochondria and the relative intensity ratio of mKeima signals were analyzed using Zen software (Carl Zeiss).
Recombinant protein purification
Human p62-WT and -S294A mutant constructs were cloned in pGEX-5X and expressed as GST-tagged forms in E. coli BL21; expression was induced with 1 mM isopropyl ␤-D-thiogalactopyranoside (Duchefa, I1401) overnight at 16°C. The cells were lysed in GST binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) with 10 mg/ml lysozyme (Sigma-Aldrich, L6876) for 30 min at room temperature and centrifuged. To purify the recombinant proteins, supernatants were incubated with glutathione-Sepharose 4B beads (GE Healthcare, 52-2303-00AK) overnight at 4°C, and proteins were eluted with GST elution buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 mM glutathione).
Western blot analysis
Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 1% Triton X-100) supplemented with protease and phosphatase inhibitor mixtures (Thermo Scientific, 78429 and 1862495, respectively). Lysates were run on an SDS-polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Millipore, IPVH 00010). The membranes were blocked with 5% nonfat dry milk and 0.1% Tween 20 in Tris-buffered saline and incubated overnight with appropriate primary anti-AMPK-p62 for autophagic cell death bodies. The next day, the membranes were incubated with the secondary antibodies conjugated to horseradish peroxidase for 1 h and processed for detection using a chemiluminescence detection kit (Thermo Scientific, 34080).
In vitro kinase assay
HEK293FT cells transfected with peGFP-N1-AMPK␣2-CA were lysed in lysis buffer for Western blotting, and the lysates were incubated with GFP antibody and protein A beads (Thermo Fisher Scientific, 20333) overnight at 4°C. The next day, GFP-tagged AMPK was immunoprecipitated by centrifugation, washed with PBS, and suspended in lysis buffer. For the in vitro kinase reaction, immunoprecipitated AMPK complexes were incubated with recombinant human p62 substrate and 1 mM ATP for 1 h at 37°C in kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol). The reaction was stopped by adding SDS sample loading buffer and boiling, and the samples were analyzed by Western blotting with phosphop62 Ser-293 antibody. In addition, recombinant human AMPK protein (combination of ␣2/␤1/␥1 subunits; SignalChem, P48-10H) expressed in Sf9 cells was used for the in vitro kinase assay.
Mitochondrial and cytosolic fractionation
Subcellular fractionation to separate mitochondrial and cytosolic fractions was performed according to the published protocol with a slight modification (68) . HCN cells were lysed by vortexing for 15 min in lysis buffer containing 50 mM TrisHCl, pH 7.4, 250 mM sucrose, 5 mM MgCl 2 supplemented with protease and phosphatase inhibitor mixtures. The homogenate was left on ice for 30 min and then centrifuged at 800 ϫ g for 15 min. The supernatant (S 0 ) was separated by centrifugation at 11,000 ϫ g for 10 min, and the supernatant (S 1 ) and pellet (P 1 ) were further processed for the preparation of the cytosolic and mitochondrial fractions, respectively. S 1 was precipitated by adding an equal volume of cold 100% acetone overnight at Ϫ20°C. After centrifugation at 12,000 ϫ g for 5 min, the precipitate was resuspended in 100 l of lysis buffer and used as the cytosolic fraction. To increase the purity of mitochondria, P 1 was resuspended in lysis buffer and centrifuged again at 11,000 ϫ g for 10 min at 4°C. The final pellet (P 2 ) was resuspended in 40 l of extraction buffer (50 mM Tris-HCl, pH 6.8, 1 mM EDTA, 0.5% Triton X-100, protease and phosphatase inhibitor mixtures) and sonicated by a Bioruptor KRB-01(CosmoBio) on ice five times for 5-10 s at a high setting with 30-s pauses and used as the mitochondrial fraction.
FACS analysis
Cells were harvested in the medium and centrifuged at 500 ϫ g for 3 min. Cell pellets were resuspended in PBS containing MitoTracker Green (20 nM; Thermo Fisher Scientific, M7514) and stained for 8 min. The stained cells were subjected to analysis using a BD Accuri flow cytometer (BD Biosciences). The data were further analyzed using Accuri C6 software (BD Biosciences).
Statistical analysis
All values are presented as mean Ϯ standard deviation (S.D.) and were obtained by averaging the data from at least three independent experiments. Statistical significance was determined by one-way analysis of variance followed by Holm-Sidak multiple comparison tests using GraphPad Prism (GraphPad Software).
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